Antidepressant-and cocaine-sensitive serotonin (5-hydroxytryptamine, 5-HT) transporters (SERTs) dictate clearance of extracellular 5-HT after release. To explore protein kinase C-mediated SERT regulation, we generated a stable human SERT (hSERT)-expressing cell line (293-hSERT) and evaluated modulation of 5-HT activity via studies of 5-HT flux, hSERTmediated currents under voltage clamp, and surface distribution of SERT protein. 293-hSERT cells exhibit saturable, highaffinity, and antidepressant-sensitive 5-HT uptake as well as hSERT-dependent whole-cell currents. In these cells, the protein kinase C activator ␤-PMA caused a time-dependent reduction in 5-HT uptake capacity (V max ) after acute application and a reduction in SERT-mediated currents. Effects of ␤-PMA were mimicked by the phorbol ester ␤-PDBu, were not observed with the inactive ␣-isomers, and could be blocked by treatment of cells with the protein kinase C inhibitor staurosporine. Biotinylation/immunoblot analyses showed that activity reductions are paralleled by a staurosporine-sensitive loss of surface SERT protein. These data indicate that altered surface abundance, rather than reduced catalytic transport efficiency, mediates acute PKC-dependent modulation of 5-HT uptake.
Presynaptic, sodium-, and chloride-dependent serotonin (5-hydroxytryptamine, 5-HT) transporters (SERTs) clear extracellular 5-HT after release from serotonergic terminals (Kuhar et al., 1972; Gershon and Jonakait, 1979; Rudnick and Clark, 1993; Fuller, 1994) . SERTs also are expressed on a number of specialized non-neuronal cells, including platelets (Rudnick, 1977) , placental syncytiotrophoblasts (Balkovetz et al., 1989) , intestinal crypt epithelial cells (Wade et al., 1996) , and adrenal chromaffin cells . SERTs are high-affinity targets in vivo for tricyclic antidepressants such as imipramine, the serotoninselective-reuptake inhibitors (SSRIs), and nonselective stimulants such as cocaine and amphetamine (Reith, 1988; Fuller, 1994; Barker and Blakely, 1995) . These substances are believed to exert at least a portion of their physiological actions by elevating extracellular 5-HT concentrations and potentiating synaptic 5-HT actions. Prolonged treatment of rats with antidepressants can downregulate 5-HT clearance capacity (Piñeyro et al., 1994) and modulate raphe neuron firing rates and 5-HT receptor sensitivity (de Montigny et al., 1990; Wade et al., 1996) , suggesting an interdependence among the magnitude of 5-HT release, rates of SERT-mediated 5-HT clearance, and physiological actions of 5-HT.
The degree to which endogenous regulation of SERT expression or activity contributes to in vivo modulation of amine signaling presently is unknown. In vitro, SERT gene expression is regulated by both cAMP-dependent and -independent pathways (Ramamoorthy et al., 1993a (Ramamoorthy et al., , 1995 , and in vivo can be influenced by antidepressants and steroid hormones (Lesch et al., 1993; Blakely et al., 1996) . Multiple reports also have demonstrated a capacity of SERTs to be regulated rapidly after acute elevation/ depletion of intracellular Ca 2ϩ (Nishio et al., 1995) , treatment with calmodulin inhibitors (Jayanthi et al., 1994) , or via activation of protein kinase C (PKC) (Myers et al., 1989; Anderson and Horne, 1992; Miller and Hoffman, 1994; Ramamoorthy et al., 1995) and NOS/cGMP pathways (Launay et al., 1994; Miller and Hoffman, 1994) . The major kinetic alterations observed to date are reductions or elevations of transport capacity (V max ) rather than a change in apparent 5-HT affinity (K M or K I ). In neuronal, platelet, and mast cell preparations, however, mechanistic interpretations of altered SERT activity are complicated by possibilities of parallel effects of modulators on vesicular amine storage pools (Rudnick and Clark, 1993; Nakanishi et al., 1995) . In addition, lack of SERT-directed antibodies has precluded attempts to monitor SERT protein in regulatory paradigms.
Recently, we and others have cloned cDNAs encoding SERTs from multiple species, including human, and demonstrated functional expression of antidepressant and cocaine-sensitive 5-HT uptake in mammalian, insect, and amphibian cells (Blakely et al., 1991a; Hoffman et al., 1991; Ramamoorthy et al., 1993c; Corey et al., 1994b; Demchyshyn et al., 1994; Chang et al., 1996) . SERTs have been found not only to mediate 5-HT accumulation after heterologous expression but also to exhibit channel-like behavior, with nonstoichiometric ion flow gated by 5-HT evident (Mager et al., 1994) . Structurally, SERTs are members of the ␥-aminobutyric acid/norepinephrine transporter (GAT/NET) gene family, composed of amino acid, biogenic amine, osmolyte, and nutrient transporters (Amara and Kuhar, 1993; Uhl and Johnson, 1995) . Sequence-based topology predictions indicate that SERTs and homologs are integral membrane glycoproteins with cytoplasmic NH2 and COOH termini and 12-membrane-spanning domains (TMDs). To date, little is understood regarding the nature of SERT protein assembly, trafficking, or the importance of posttranslational processing. Evidence suggests that native SERTs may not be monomeric (Cesura et al., 1983; Habert et al., 1986; Ramamoorthy et al., 1993b) and that SERTs exhibit cell-specific patterns of N-glycosylation (Qian et al., 1995b) . N-Glycosylation has been found to be important for biogenic amine transporter expression of activity, although not ligand recognition (Tate and Blakely, 1994; Melikian et al., 1996) . Canonical sites for protein kinases on presumed cytoplasmic domains (Blakely et al., 1991a; Miller and Hoffman, 1994) raise the possibility that SERTs, like other membrane transporters and ion pumps (Bertorello et al., 1991; Casado et al., 1993; Hoffman et al., 1994) , may be regulated by phosphorylation. Recent studies (Qian et al., 1995a) reveal that SERT cytoplasmic domains are substrates for PKC and PKA in vitro, although the relationship of these observations to activity modulation in vivo is presently unclear. Other transporters, such as the insulin-regulated glucose transporter GLUT4, exhibit hormone-dependent transporter recruitment to surface membranes (Kasanicki and Pilch, 1990 ) with consequent changes in sugar transport capacity.
The availability of biogenic amine transporter cDNAs has allowed for the construction of stable cell lines for direct evaluation of neurotransmitter influx and efflux in the absence of a vesicular release pathway (Gu et al., 1993) . In the present report, we use HEK-293 cells stably transfected with hSERT cDNA (293-hSERT) to establish a paradigm for acute PKCmediated regulation of 5-HT transport and 5-HT-gated currents. Our studies reveal a significant and specific downregulation of SERT activity by PKC activators, revealed kinetically as a reduction in 5-HT uptake capacity. hSERT-mediated currents, recorded under voltage clamp also are reduced, suggesting functional silencing of hSERT-associated channels, loss of transporter from the cell surface, or both. Immunoblots performed with SERT-specific antibodies (Qian et al., 1995b) on total and surface-biotinylated fractions of 293-hSERT membranes indicate no loss of SERT protein as a consequence of PKC activation, but rather reveal a redistribution of transporter protein from the cell surface.
MATERIALS AND METHODS

Production of 293-hSERT cells.
A HindIII/XbaI fragment containing the hSERT cDNA (Ramamoorthy et al., 1993c) was released from pBluescript SKII Ϫ and subcloned into HindIII/XbaI-digested pRc/CMV (Invitrogen, San Diego, CA), placing hSERT expression under the dual control of the CMV promoter and the T7 RNA polymerase promoter. We validated functional expression of the construct in transiently transfected HeLa cells with vaccinia-T7 expression, as previously described (Blakely et al., 1991b; Ramamoorthy et al., 1993c) . To generate stably transfected cells, we transfected hSERT/pcDNA3 as a liposome suspension with Lipofectin (Life Technologies, Gaithersburg, MD) into HEK-293 cells (ATCC) cultured and selected in 250 g/ml Geneticin (G418), as previously described (Galli et al., 1995) . Individual cells were used to generate clonal lines. Multiple lines tested positive for paroxetinesensitive [
3 H]5-HT uptake, and the clone that displayed the highest 5-HT uptake (m3) was expanded for the experiments reported here.
Assay of 5-HT uptake and antagonist binding. 293-hSERT and nontransfected HEK-293 cells initially were passaged in DMEM culture media containing 10% fetal bovine serum, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin, with 250 mg/l G418 added for 293-hSERT cells. Levels of 5-HT uptake tended to become reduced with subsequent passages in standard media, but we found that this could be stabilized primarily via the use of either dialyzed fetal calf serum (Sigma, St. Louis, MO) or serum allowed to stand at 4ЊC for several days, suggesting the presence of an unstable, inhibitory activity of mass Ͻ10 kDa. We suspected 5-HT from the serum might accumulate inside cells and reduce viability, thereby selecting for low transporter-expressing cells, but we failed to reduce the trend toward low uptake levels by growth in the presence of a SERT antagonist (10 M citalopram 3 H]5-HT uptake, defined as the accumulation in the presence of excess unlabeled RTI-55 or paroxetine (see legends), was subtracted from total uptake to define hSERT-specific accumulation. Nonspecific uptake for amino acid substrates was defined with parallel assays on ice (leucine) or with choline-Cl-substituted KRH (glutamate, glycine, alanine). In transport assays conducted to mimic the configuration used for biotinylation studies, cells were plated on poly-D-lysine-coated six well plates at a density of 500,000 cells/well 48 hr before assay. Assays were performed in a total assay volume of 5 ml for 10 min essentially as described above, with radioactivity from SDS-lysed cells quantitated by liquid scintillation spectrometry (LS6000IC, Beckman, Fullerton, CA). Nonspecific uptake was defined as the uptake in the presence of 100 nM-1 M paroxetine or 1 M of RTI55, and these data were subtracted from total counts to yield specific uptake. For radioligand binding assays, total cell membranes were prepared from cells grown to confluence in 150 mm tissue culture dishes, as previously described (Galli et al., 1995) . Protein concentrations were determined by Bradford assay (Bio-Rad), and hSERT density was assessed with [
125 I] RTI-55 [3␤-(4-iodophenyl)-tropane-2␤-carboxylic acid methylester tartrate, 2200 Ci/mmol; Dupont NEN]. Initial studies with 293-hSERT cell membranes demonstrated linearity of specific binding up to 10 g of membrane protein/tube, and subsequent assays used 7.5 g/tube. Assays, performed in triplicate, with various concentrations of [
125 I]RTI55 were initiated with the addition of membranes in binding buffer (100 mM NaCl and 50 mM Tris, pH 7.4) and terminated after 1 hr incubation in room temperature by rapid filtration (Brandel, Gaithersburg, MD) over GF/B glass fiber filters (Whatman, Maidstone, UK), presoaked in 0.5% polyethylenimine (Sigma). Filters were washed in ice-cold binding buffer, and bound radioactivity was measured by gamma emission spectrometry (Gamma 5500B, Beckman). Nonspecific binding, defined as the binding in the presence of 1 M paroxetine, was subtracted from total binding to define specific binding. Nonlinear curve fits of data (Kaleidagraph) for uptake, binding, and currents (see below) used the generalized Michaelis-
n , substituting B and B max for binding isotherms and I and I max for currents.
hSERT immunoblots and biotinylation. hSERT protein was detected in transfected 293-hSERT membranes with CT-2 antibody directed at the rat SERT COOH terminus as previously described (Qian et al., 1995b) . Briefly, membrane extracts were separated by 10% SDS-PAGE and transferred for 16 hr at 150 mA onto PVDF membrane (Millipore, Bedford, MA), blocked with 5% nonfat dry milk in PBS, and probed with CT-2 at 1 g/ml. Bound antibody was visualized with HRP-conjugated goat anti-rabbit antibody (1:10,000; Bio-Rad), and immunoreactive bands were visualized by ECL (Amersham). In biotinylation studies, cells were seeded on poly-D-lysine-coated six well plates at 500,000 cells/well 48 hr before treatments, washed with 37ЊC KRH, and incubated with vehicle, phorbol 12-myristate 13-acetate (␤-PMA), and/or staurosporine for 40 min in KRH at 37ЊC for the times indicated. Cells were washed quickly with warm KRH and then treated with sulfosuccinimido-NHS-biotin (1.5 mg/ml; Pierce, Rockford, IL) at 4ЊC for 1 hr in PBS/Ca-Mg containing (in mM): 138 NaCl, 2.7 KCl, 1.5 KH 2 PO 4 , 9.6 Na 2 HPO 4 , 1 MgCl 2 , and 0.1 CaCl 2 , pH 7.3. Biotinylating reagents were removed by washing with 100 mM glycine in PBS/Ca-Mg twice, the reaction was quenched further by incubation with 100 mM glycine for 30 min, and then cells were washed with PBS/Ca-Mg rapidly three times before lysis with 250 l/well radioimmunoprecipitation assay (RIPA) buffer containing (in mM): 10 Tris, pH 7.4, 150 NaCl, and 1 EDTA with 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, supplemented with protease inhibitors (1 g/ml aprotinin, 1 g/ml leupeptin, 1 M pepstatin, 1 mg/ml soybean trypsin inhibitors, 1 mM iodoacetamide, and 250 M PMSF) for 1 hr at 4ЊC with constant shaking. Lysates were centrifuged at 20,000 ϫ g for 30 min at 4ЊC, and supernatants were incubated with monomeric avidin beads (175 l of beads/1250 l of supernatant; Pierce) for 1 hr at room temperature. Beads were washed three times with RIPA, and adsorbed proteins were eluted with 50 l of Laemmli loading buffer (62.5 mM Tris-HCl, pH 6.8, 20% glycerol, 2% SDS, 5% ␤ME, and 5% bromophenol blue) for 30 min at room temperature. Then 40 l of total cell lysate, lysates after incubation with avidin beads, last wash, and the bead eluate (50 l) were separated by SDS-PAGE (10%) and immunoblotted with CT-2 antibody (1 g/ml) with 1:3000 goat anti-rabbit HRP-conjugated secondary antibody. Subsequently, blots were stripped (62.5 mM Tris-HCl, pH 6.8, 2% SDS, and 100 mM ␤ME) for 30 min at 50ЊC, washed with PBS twice for 10 min, reblocked in 5% dry milk for 1 hr, and probed with anti-calnexin (1:1000; Stressgen, Victoria, BC, Canada), followed by goat anti-rabbit HRP-conjugated secondary antibody (1:3000). Immunoreactive bands were visualized by ECL on hypersensitive ECL film (Amersham), and scanned bands were quantitated with ImageQuant (Molecular Dynamics, Sunnyvale, CA). Exposures were precalibrated to insure quantitation within the linear range of the film. Values of hSERT surface protein were normalized by levels of calnexin immunoreactivity in total cell extracts to preclude errors accompanying with sample loading and transfer. We also confirmed findings of hSERT surface reductions by using [ 125 I]protein-A (DuPont NEN) detection of bound CT-2 with direct PhosphorImager quantitation (Molecular Dynamics) (data not shown).
Whole-cell patch-clamp recording of hSERT currents. 293-hSERT cells and HEK-293 cells were plated at a density of 10,000 cells/35 mm culture dish in normal culture media. Transporter currents were recorded with the patch-clamp technique in whole-cell configuration (Galli et al., 1995) at room temperature in external media of containing (in mM): 120 NaCl, 4.7 KCl, 1.2 KH 2 PO 4 , 2.2 CaCl 2 , 10 HEPES, and 10 glucose, pH 7.35 (300 mOsm). Bath solutions were changed by a gravity pump at a rate of 1 ml/min. Seals were obtained, and cells were washed three times with bath solution. 5-HT and SERT antagonists were added to the bath to achieve the concentrations detailed in the figures in the presence of 100 M pargyline and 100 M ascorbic acid. The pipette solution for whole-cell recording contained (in mM): 120 KCl, 0.1 CaCl 2 , 2 MgCl 2 , 1.1 EGTA, 10 HEPES, and 30 glucose, pH 7.35 (270 mOsm). Free Ca 2ϩ in the pipette was 0.1 M. Patch electrodes (1-3 m in diameter and 2-4 M⍀) were pulled from borosilicate glass (Garner Glass Company) with a programmable puller (Sachs-Flaming, P87; Sutter Instruments, Novato, CA). After a seal was formed, the conductance was examined in series with the capacitance, which is ϳ0.1 S. Voltage ramps and steps were applied, and currents were recorded with an Axon 200A voltage clamp (Axon Instruments, Foster City, CA) at a band width of 1000 Hz and stored for analysis on videotape (Panasonic, Secaucus, NJ). To remove low frequency drift from difference currents (Figs. 5A,B , 6B,C), we low-pass filtered at 10 Hz and subtracted this filtered trace from the originals. The filtered difference currents were then reset to the mean value.
RESULTS
Stable expression of human SERT in HEK-293 cells
Antibody CT-2, directed at the rat SERT COOH terminus (Qian et al., 1995b) , detects expression of a ϳ96 kDa protein on immunoblots of membranes prepared from stably transfected cells that is absent from parental HEK-293 cells (Fig. 1 A) . The size of the hSERT band is consistent with the mobility of N-glycosylated hSERT protein (Ramamoorthy et al., 1993c) and is similar to that observed for N-glycosylated SERT in rat (Qian et al., 1995b) and human platelets (Qian and Blakely, unpublished data (Boja et al., 1992 ) with a K D of 0.26 nM and a B max of 1.2 pmol/mg of membrane protein (Fig. 1 B) (Wielosz et al., 1976; Segonzac et al., 1987) and transiently transfected HeLa cells (Ramamoorthy et al., 1993c; Barker et al., 1994) , including the tricyclic imipramine and the SSRIs paroxetine and citalopram. In keeping with previous studies (Boja et al., 1992; Barker et al., 1994) , RTI-55 exhibited nearly 1000 times greater potency for inhibition of [ 
Antidepressant-sensitive, 5-HT-gated currents mediated by hSERT
rSERT expressed in Xenopus laevis oocytes (Mager et al., 1994) and hNET expressed in HEK-293 cells (Galli et al., 1995 (Galli et al., , 1996 reveal channel-like behavior in addition to an amine flux pathway. Similarly, 293-hSERT cells showed an inward current at hyperpolarized membrane potentials in the presence of 5-HT (Fig. 2 A) that can be blocked by 1 M paroxetine (Fig. 2 B) . No paroxetinesensitive 5-HT currents are observed in parental HEK-293 cells (data not shown). At Ϫ120 mV, the whole-cell current induced by 1 M 5-HT was typically ϳ30 pA. When 5-HT concentration in the bath was increased incrementally from 0.03 to 1 M and results of voltage sweeps were normalized to the inward current obtained at 1 M and Ϫ100 mV, a K M of 0.21 Ϯ 0.05 M and a Hill coefficient (n) of 1.4 Ϯ 0.2 (n ϭ 5) were obtained. 5-HT uptake mediated by SERTs is absolutely dependent on extracellular Na ϩ with a presumed coupling stoichiometry of 1 Na ϩ per 1 5-HT (Rudnick and Clark, 1993) . As in Xenopus oocytes (Mager et al., 1994) , the 5-HT-induced current in 293-hSERT cells also was found to be dependent on external Na ϩ concentration. Complete Li ϩ substitution for Na ϩ eliminated the 5-HT-induced current in 293-hSERT cells (data not shown). When external Na ϩ was varied from 0 to 130 mM by equimolar substitution with Li ϩ , 5-HTinduced currents rose monotonically, with fits of the data yielding a Na ϩ K M of 15.7 Ϯ 5.1 mM and a Hill coefficient (n) of 0.9 Ϯ 0.3 (n ϭ 4). Finally, we tested the dose dependency and specificity of an antagonist block of 5-HT-gated currents in 293-hSERT cells. The SSRIs paroxetine and citalopram blocked the 5-HT-induced current with K I (1.4 Ϯ 0.2 and 2.9 Ϯ 0.6 nM, respectively), as expected from whole-cell 5-HT transport studies. Desipramine, a high-affinity hNET antagonist and a weak hSERT antagonist (Pacholczyk et al., 1991; Barker and Blakely, 1995) failed to block the 5-HT-gated currents at 1 M (data not shown). Together these data reveal that hSERT expressed in stably transfected cells mediates antidepressant-sensitive, 5-HT-gated currents as well as saturable high-affinity 5-HT transport.
Regulation of SERT transport activity by PKC activators
Treatment of 293-hSERT cells with the PKC activator phorbol 12-myristate 13-acetate (␤-PMA) decreased 5-HT uptake in a time-and concentration-dependent manner. (Fig. 3A,B) . Reductions were apparent with 5 min of 1 M ␤-PMA pretreatment with maximal reductions (43 Ϯ 5%) observed with 30 min of pretreatment. When ␤-PMA pretreatment time was fixed at 30 min, reductions were observed first at 10 nM ␤-PMA and essentially had plateaued at 40 -50% reduction by 1 M. If we define the maximal effect as the decrease caused by 10 M PMA, an EC 50 of 20 nM is obtained. Accumulation of [ 3 H]leucine via endogenous transport systems was unaffected by ␤-PMA treatments (106 Ϯ 4%), although several other endogenous Na ϩ -dependent transport systems were found to be downregulated in these cells to variable extents after ␤-PMA treatment (alanine 34 Ϯ 1%, glutamate 74 Ϯ 5%, and glycine 35 Ϯ 7% decrease relative to control). Quantitatively equivalent reductions in 5-HT uptake also were induced by ␤-PMA in the presence of 1 mM ouabain, a Na/K ATPase inhibitor. Kinetically, the reduction in SERT activity at 1 M ␤-PMA is revealed in saturation kinetic experiments to arise from a 46% reduction in V max ( Fig. 3C ) with little or no contribution from a change in 5-HT K M (0.39 M control vs 0.27 M ␤-PMA treated; n ϭ 3). The effects of ␤-PMA were stereospecific (Fig. 4 A) , because the PKC-inactive isomer ␣-PMA was inactive at similar concentrations and a similar stereospecificity was evident for the phorbol analog phorbol 12,13-dibutyrate (PDBu). Importantly, the effects of ␤-PMA (1 M) on SERT activity were found to be blocked by coapplication of staurosporine (1 M; Fig.  4 B) , a membrane-permeant inhibitor of PKC (Tamaoki et al., 1986) . Staurosporine itself did not cause appreciable effects on 5-HT uptake in these cells, nor was the vehicle for ␤-PMA (ethanol) or the vehicle for staurosporine (DMSO) active on 5-HT uptake at equivalent dilutions (data not shown).
PKC-mediated regulation of hSERT currents
Although hSERT is predicted to be an electroneutral transporter with ion-coupled 5-HT transport insensitive to membrane potential (Cool et al., 1990; Ramamoorthy et al., 1992) , the presence of 5-HT-gated currents in 293-hSERT cells presented an opportunity to repeat our experiments in single voltage-clamped cells with control over membrane potential and a clamp over the transmembrane Na ϩ -gradient. 293-hSERT cells were clamped at Ϫ40 mV and stepped in the presence or absence of 1 M 5-HT to Ϫ120 mV, and the difference currents attributable to hSERT were obtained by subtraction (Fig. 5) . Subsequently, 200 nM ␤-PMA was added to the bath, and the step was repeated. In all five cells tested, ␤-PMA caused a marked reduction in 5-HT-induced current (up to 100%) within ϳ5 min. In experiments in which only a partial current block was achieved, residual current was eliminated by subsequent addition of 5 M paroxetine. Bath application of 1 M staurosporine before ␤-PMA treatment eliminated the reduction in 5-HT-gated current (n ϭ 5 cells) and, in some cases, potentiated the hSERT currents (Fig. 6 ). Staurosporine application alone had negligible effects on whole-cell currents recorded in the same paradigm in HEK-293 parental cells (data not shown). 
PKC activation reduces hSERT surface abundance
Reductions in 293-hSERT 5-HT transport capacity and wholecell currents are consistent with either a functional silencing of cell surface hSERTs and/or a loss of transporter protein from surface membranes. To evaluate this issue, we treated cells with 1 M ␤-PMA for 40 min (30 min pretreatment, 10 min uptake) and then blotted membrane extracts of some wells with CT-2 antibody to assess loss of total hSERT protein. In addition, we performed cell surface biotinylation (Sargiacomo et al., 1989; Gottardi et al., 1995) experiments with the membraneimpermeant biotinylating reagent sulfosuccinimido-NHSbiotin to determine whether hSERT surface protein was diminished by ␤-PMA treatments. Biotinylation per se did not affect SERT immunoreactivity (data not shown). On the basis of the amount of SERT immunoreactivity present in the nonbiotinylated fraction, we estimate ϳ75% of SERT protein reaches the cell surface in these cells. Under the larger culture format used to prepare total and biotinylated membrane extracts, 30 min of 1 M ␤-PMA pretreatment induced a 27 Ϯ 2% (n ϭ 3) decrease of 5-HT uptake. Results from immunoblot experiments are shown in Figure 7 . ␤-PMA induced no change (101 Ϯ 6% of control) in the amount of hSERT-immunoreactive protein in total extracts of 293-hSERT cells. However, the PKC activator induced a statistically significant decrease (31 Ϯ 10%) in hSERT protein recovered from biotinylated fractions and a consistent increase (143 Ϯ 16%) in transporter recovered from nonbiotinylated fractions (Fig. 7A,C) . Calnexin, an endoplas- Staurosporine alone (1 M) had no effect on 5-HT uptake. Data presented are the mean Ϯ SEM of three experiments performed in quadruplicate. Nonspecific uptake for A and B was defined as the uptake in the presence of 100 nM paroxetine and subtracted from total accumulation to yield specific uptake. *p Ͻ 0.05; **p Ͻ 0.01; two-sided Student's t test. mic reticulum membrane protein (Wada et al., 1991) , was not biotinylated in this paradigm (Fig. 7B) , providing validation of membrane impermeability and surface labeling of the biotinylating reagent. The effect of ␤-PMA on cell surface SERT density could be blocked by cotreatment with staurosporine (Fig. 8) . In these experiments, 1 M ␤-PMA reduced surface hSERT to 55% of control levels and increased the amount of hSERT protein in the nonbiotinylated fractions (166% of control) but had little effect (106% of control) in the presence of 1 M staurosporine. As with 5-HT uptake, staurosporine alone had no effect on surface hSERT protein (103% of control) or the level of nonbiotinylated hSERT (92%). Together, these findings suggest that activation of PKC in 293-hSERT cells induces a reduction in hSERT-mediated 5-HT uptake and currents via a reduction in cell surface abundance of transporter protein. 
DISCUSSION
HEK-293 cells stably transfected with hSERT cDNA exhibit saturable 5-HT transport with a 5-HT K M comparable to that observed in human platelets and placental syncytiotrophoblasts (Rudnick, 1977; Balkovetz et al., 1989) and rank order antagonist sensitivity, as described in native and transiently transfected cells (Barker and Blakely, 1995) . Membranes from these cells exhibit a single SERT-immunoreactive species and bind the cocaine analog [ 125 I]RTI-55 with high affinity. Significant levels of transporter expression in transfected HEK-293 cells, a host cell well suited to whole-cell patch-clamp analysis, permitted us not only to investigate the effects of PKC activation on 5-HT uptake and hSERT protein distribution but also to corroborate our findings by using 5-HT-gated currents as an index of membrane transporter activity. Our studies demonstrate that phorbol ester application reduces both 5-HT accumulation and 5-HT-gated currents, an effect we show likely to be mediated by protein kinase C and attributable to altered surface abundance of SERT protein. We observed that Figure 6 . Staurosporine blocks the effect of ␤-PMA on 5-HT-induced currents. A, The protocol applied is that described in Figure 5 . hSERT-mediated currents were induced by addition of (B) 1 M 5-HT, and then (C) ␤-PMA (0.2 M) was added in the presence of staurosporine (1 M). Unlike the addition of ␤-PMA alone (Fig. 5) , ␤-PMA plus staurosporine failed to reduce 5-HT-induced currents in all cells tested. In this experiment, staurosporine increased the 5-HT-induced current. The current seems to be hSERT-mediated, because 1 M paroxetine reduced the 5-HT current by 80%.
several endogenous Na ϩ -dependent transport systems in HEK-293 cells are sensitive to PKC activation, to varying extents. However, effects on 5-HT uptake still could be observed in the presence of ouabain, a Na/K ATPase inhibitor. Thus, PKCmediated downregulation of the Na/K ATPAse and consequent shifts in the Na ϩ gradient are unlikely to be responsible for the reduction in 5-HT uptake. The lack of effect of ␤-PMA on Na ϩ -independent leucine transport suggests that hSERT can take advantage of specific pathways for PKC-mediated membrane protein internalization present in HEK-293 cells not available to all membrane transport systems. Homologous GABA (Corey et al., 1994a) , dopamine (DA) (Kitayama et al., 1994) , and glycine transporters (Sato et al., 1995) expressed in transfected cells also exhibit specific PKC-mediated alterations in transport capacity, Figure 7 . Effect of ␤-PMA on cell surface hSERT density. A, SERT immunoblot of total, nonbiotinylated, and biotinylated (cell surface) protein in 293-hSERT cells. Cells were treated with 1 M ␤-PMA or vehicle for 40 min before biotinylation with sulfo-NHS-biotin. Aliquots (40 l) of total, nonbiotinylated, and wash fractions were loaded, whereas the entire eluate (50 l) from the streptavidin beads was loaded as the biotinylated sample and the blots were probed with CT-2 antibody (1 g/ml) . B, The same blot that was stripped and probed with anti-calnexin antibody to identify the endoplasmic reticular membrane protein calnexin. Calnexin immunoreactivity was observed only in the total and nonbiotinylated lanes and was used to normalize hSERT immunoreactivity between ␤-PMA-treated and untreated cells. C, Averaged quantitation of ␤-PMA effects on hSERT total, nonbiotinylated, and surface density. Immunoblots from three separate biotinylation experiments were scanned densitometrically, SERT values were normalized with calnexin immunoreactivity, and mean values were plotted Ϯ SEM. Data are expressed as a percentage of vehicle-treated cells (control). Asterisk indicates a statistically significant reduction in biotinylated hSERT protein ( p Ͻ 0.05; Student's t test). Two additional experiments to test staurosporine effects (Fig. 8) suggesting that a common mechanism may apply to members of the GAT/NET gene family.
The currents we record are significantly larger than anticipated if charge movement follows predicted stoichiometry for ioncoupled 5-HT flux. For example, a turnover rate of 1 5-HT ϩ /sec applied to the transporter density we estimate of 7 ϫ 10 4 carriers/ cell would yield only ϳ0.01 pA of whole-cell current, whereas we record up to 30 pA of whole-cell current at Ϫ120 mV. This is even more striking when one considers that the presumed stoichiometry for coupled 5-HT movement (1 Na ϩ :1Cl Ϫ :1 5-HT ϩ in/1K ϩ out per cycle) should result in no net charge movement (Ramamoorthy et al., 1992; Rudnick and Clark, 1993) . Similar observations of nonstoichiometric ion flow in rat SERT cRNA-injected Xenopus oocytes (Mager et al., 1994) suggest the presence of a 5-HT-gated ion pore at some stage in the SERT transport cycle or the occurrence of channel activity in a subset of transporter proteins (Cammack and Schwartz, 1996) . Our determination of a rate of 5-HT translocation by hSERT of ϳ1/sec agrees with previous estimates (Talvenheimo et al., 1979; Ross and Hall, 1983) and lends further support to the view that currents measured reflect nonstoichiometric channel-like ion flow gated by 5-HT. As with oocytes, we obtain no reversal of the 5-HT-gated current at negative potentials consistent with a requirement for cytoplasmic substrate to activate an intracellular gate (Cammack et al., 1994; Risso et al., 1996) . Nonetheless, channel activation with external 5-HT has essentially the same properties as 5-HT transport, including saturable dependence on 5-HT and Na ϩ and sensitivity to SERT-specific antagonists. Importantly, the presence of hSERT-mediated currents allows PKC effects on hSERT to be corroborated in single voltage-clamped cells to reduce concerns of altered membrane potential. The greater influence of ␤-PMA on SERT-mediated currents over 5-HT uptake requires further study, although it may signal additional effects of the PKC activator on plasma membrane-resident SERTs than accounted for by surface redistribution. Alternatively, this simply may reflect sampling bias inherent in the single-cell assay conditions of voltageclamp studies relative to the population measurements inherent in determinations of 5-HT uptake. We did find evidence for reduction in activity of other endogenous transport systems (although not for leucine transport); however, the large pipette volume adds additional constraints to attempts to explain the reduction in 5-HT currents (and presumably transport) completely via gross alterations in the Na ϩ gradient. To our knowledge, this is the first report of SERT-associated currents in mammalian cells and the first application of whole-cell recording techniques to study amine transporter regulation.
Our findings for loss of surface SERT protein after PKC activation seem to reflect transporter redistribution rather than irreversible loss of transporter protein via degradation. Thus, we find a consistent increase in SERT material eluting with nonbiotinylated protein and no change in the total SERT pool under conditions in which SERT protein in surface membranes is depleted. These findings are in agreement with previous studies examining binding of lipophilic antagonists to amine transporters, in which no reduction in total transporter density has been detected after PKC activation (Anderson and Horne, 1992; Kitayama et al., 1994; Miller and Hoffman, 1994) . We used cell surface biotinylation rather than whole-cell binding assays, because the available SERT radioligands are highly lipophilic and we wished to follow SERT distribution rather than label all accessible SERT proteins. Recently, Corey and coworkers have reached similar conclusions of transporter redistribution concerning PKC-mediated regulation of homologous GAT1 GABA transporters expressed in Xenopus laevis oocytes (Corey et al., 1994a) , Treatment of oocytes with PKC activators induces a movement of GAT1 protein from intracellular to surface membranes, in this case effecting an increase in transporter expression, suggesting that the direction of redistribution is host cell-dependent, rather than transporter-dependent. The latter studies also used intracellular injections of PKC activators, and thus the population of PKCs activated may be distinct from those activated in our studies. Further studies are required to determine whether reduced hSERT insertion in or increased removal from the plasma membrane follows PKC activation to account for a net loss of surface carriers. However, similar effects of PKC activators on endogenous mammalian SERTs and 293-hSERT cells suggest that the mechanisms we have described may correspond to pathways for transporter regulation in less accessible preparations, including neuronal terminals and platelets, in vivo.
The presence of conserved phosphorylation sites for PKC and other kinases (Ramamoorthy et al., 1993c; Miller and Hoffman, 1994) on SERTs raises the possibility for transporter phosphorylation in parallel with or as a trigger for transporter redistribution. Preliminary in vivo phosphorylation experiments in 293-hSERT cells reveal the transporter to be a target for endogenous protein kinases activated by ␤-PMA (Ramamoorthy and Blakely, unpublished data) . Although a member of a distinct transporter gene family, glutamate transporters seem to be phosphorylated in parallel with PKC-mediated upregulation of transport activity (Casado et al., 1993) . It is not understood whether these phosphorylation events trigger, or follow, surface redistribution or whether or not PKC directly phosphorylates these carriers. We have observed that the NH2 and COOH termini expressed as fusion proteins are substrates for purified PKC and PKA, but not PKG, although canonical sites do not seem to be responsible for phosphate incorporation (Qian et al., 1995a) . Canonical PKC sites also do not seem to be responsible for PKC-mediated alterations in GABA (Corey et al., 1994a) or glycine (Sato et al., 1995) transport, suggesting that if direct transporter phosphorylation is a requirement for changes in activity, it may occur through kinases downstream of PKC or at noncanonical PKC sites. Future studies of SERT currents in cell-detached patches (Galli et al., 1996) perfused with activated protein kinases may allow us to determine whether phosphorylation modifies SERT function in parallel with changes in surface density. Regardless, the kinetic similarities of PKC-mediated reductions in transport capacity evident for multiple transporters in the GAT/NET gene family suggest a common mechanism involving surface redistribution.
Our studies have been conducted in a heterologous expression system for technical advantages; however, SERTs in platelets (Anderson and Horne, 1992; Launay et al., 1994) , mast cells (Miller and Hoffman, 1994) , pulmonary endothelial cells (Myers et al., 1989) , placental cells (Ramamoorthy et al., 1995) , and CNS neurons (Anderson et al., 1995; Miller and Hoffman, 1995) are subject to acute regulation by second-messenger-dependent pathways. In particular, downregulation of SERT activity by PKC activators is a consistent finding, arising in most cases from a reduction in 5-HT transport V max . Controls to explore indirect contributions of the vesicular 5-HT storage efflux pathway or altered Na ϩ gradients have suggested that a significant fraction of the PKC effect reflects alterations in SERT protein or its distribution (Anderson and Horne, 1992; Miller and Hoffman, 1994; Ramamoorthy et al., 1995) . Elevation of intraneuronal calcium after sustained depolarization and/or occupancy of phospholipase C-coupled receptors activates and translocates PKC (2211) and could contribute to activity-dependent modulation of 5-HT uptake capacity via SERT protein redistribution. Post-translational events such as we have described may serve as one mechanism for short-term functional plasticity at serotonergic terminals. Multiple receptors on raphe neurons exist to activate PKC via phospholipase C activation (Maeno et al., 1993; Mansour et al., 1994; Pieribone et al., 1994) that may influence SERT distribution as well as affect 5-HT release and firing rates. Clearly, additional studies are required with native SERT-expressing cells to assess role of kinase activation in vivo. Because cyclic AMP-dependent and -independent pathways also influence SERT gene expression (Ramamoorthy et al., 1993a (Ramamoorthy et al., , 1995 , regulated SERT expression is likely to play a significant role in establishing quantitatively appropriate levels of extracellular 5-HT in vivo . Recent studies with DA transporter knockout animals (Giros et al., 1996) that demonstrate compensatory changes in catecholamine biosynthesis and receptor expression, as well as behavioral deficits, underscore the significance of matching levels of neurotransmitter transport activity to neuronal excitation and release.
